Cullin-3 (Cul3) functions as a scaffolding protein in the Bric-a-brac, Tramtrack, Broad-complex (BTB)-Cul3-Rbx1 ubiquitin E3 ligase complex. Here, we report a previously undescribed role for Cul3 complexes in late endosome (LE) maturation. RNAi-mediated depletion of Cul3 results in a trafficking defect of two cargoes of the endolysosomal pathway, influenza A virus (IAV) and epidermal growth factor receptor (EGFR). IAV is able to reach an acidic endosomal compartment, coinciding with LE/lysosome (LY) markers. However, it remains trapped or the capsid is unable to uncoat after penetration into the cytosol. Similarly, activation and subsequent ubiquitination of EGFR appear normal, whereas downstream EGFR degradation is delayed and its ligand EGF accumulates in LE/LYs. Indeed, Cul3-depleted cells display severe morphological defects in LEs that could account for these trafficking defects; they accumulate acidic LE/LYs, and some cells become highly vacuolated, with enlarged Rab7-positive endosomes. Together, these results suggest a crucial role of Cul3 in regulating late steps in the endolysosomal trafficking pathway. (1) . The cullin family member, Cul3, is responsible for joining the ligase activity-bearing subunit Rbx1 with a BTB-containing protein. BTB proteins serve as adaptors for the recognition of a wide variety of specific substrate proteins in processes such as cell cycle, apoptosis, antioxidative responses, and cytoskeleton dynamics (2) (3) (4) (5) .
Recently, we found that Cul3 was present in detergent-resistant membrane fractions (DRMs), by the action of lipid-modified DCNL3, a protein that promotes Cul3 activity through neddylation (6) . Moreover, two BTB proteins, Rabankyrin-5 and RhoBTB3, are known regulators of membrane trafficking (7, 8) . These observations suggested that Cul3-mediated ubiquitination might have undetected membrane-associated functions. To investigate this possibility, we monitored the internalization and intracellular fate of two endocytosed cargo in Cul3-depleted cells: the EGF/epidermal growth factor receptor (EGFR) complex and influenza A virus (IAV).
EGFR belongs to a cohort of plasma membrane proteins targeted to early endosomes (EE) from where a fraction is brought via late endosomes (LEs) to lysosomes (LYs) for degradation (9) . During infectious entry in host cells, IAV particles follow a similar pathway except that when the virus reaches the LEs, the low pH (pH 5.4-4.9) induces an irreversible conformational change in the membrane fusion protein, the hemagglutinin (HA) (10) (11) (12) (13) . This conformational change triggers the fusion of the viral envelope with the limiting membrane of the endosome. The viral ribonucleoproteins (vRNPs) and the matrix protein (M1) are released into the cytosol where they dissociate from each other. This uncoating allows the vRNPs to be imported into the nucleus where replication takes place (14) (15) (16) .
Cargo sorting from EEs into LEs and delivery into the LY compartment requires a number of membrane fission and fusion events, as well as the maturation of LEs preparing them for interaction with LYs (17, 18) . Maturation occurs through a variety of protein-and lipid-based remodeling events including a switch from Rab5 to Rab7, a PIKfyve-dependent phosphatidylinositide conversion from PtdIns(3)P to PtdIns(3,5)P2, and recruitment of numerous effector proteins from the cytosol (19, 20) . There is also a further reduction in luminal pH and formation of intraluminal vesicles (ILVs). For many cargo proteins, such as EGFR, inclusion within ILVs depends on ubiquitination of the cytosolic domain and recognition by components of the endosomal sorting complex required for transport (ESCRT) machinery (21, 22) .
Here, we demonstrate that Cul3 depletion resulted in nonproductive accumulation of two endocytic cargoes, IAV and EGF/ EGFR in LEs/LYs, accompanied by the accumulation of LEs with abnormal morphology. Together these results suggest a unique role for Cul3 as a critical regulator of LE maturation.
Results
Cul3 Depletion Causes a Defect in IAV Entry. To identify host cell factors of IAV, our collaboration partner, 3-V Biosciences, Inc., performed an siRNA screen in A549 cells and found Cul3 as a possible regulator of infection. We validated these results with two siRNAs against Cul3 that efficiently decreased Cul3 expression ( Fig. 1 A and B) . As measured by viral nuclear protein (NP) expression, IAV infection in Cul3-depleted A549 cells was decreased up to 93%, compared with control. Vesicular stomatitis virus (VSV), which unlike IAV fuses in EEs (23, 24) , was not affected. Depletion of another cullin family member, Cul1, did not affect IAV infection, although it did elevate VSV infection ( Fig. 1 A and B) . These results indicated that IAV, a virus that penetrates from acidic LEs, depends on Cul3 for infection.
As shown in Fig. 1C , we found that the virus was endocytosed in Cul3-depleted cells and entered cytoplasmic vacuoles where HA underwent the acid-induced conformational change, detected with the conformation-specific antibody, A1 (25) . No acidified HA was observed in cells depleted of a subunit of the vacuolar-type H + -ATPase (V-ATPase), ATP6V1B2. After penetration into the cytosol, uncoating of the viral capsid can be detected by the diffuse staining of M1 in the cytoplasm (15) . In contrast to control cells, Cul3-depleted cells showed an endosome-like distribution of M1 staining (Fig. 1D) . Likewise, NP accumulated in endosome-like structures in the cytoplasm, and not in the nucleus as in control cells (Fig. 1E) (15) . Except for the conversion of HA to the acid conformation, the overall picture resembled that of V-ATPase inactivation. We found most of the virus to reach LEs, identified by the colocalization of acidified A1-positive virus particles with vesicles containing the LE/LY marker LAMP1 and the LE/TGN marker cation-independent mannose-6-phosphate receptor (CI-M6PR). In contrast, virus particles were not found in vesicles bearing the EE marker EEA1 (Fig. 2A) . Similarly, after 3 h when most viruses had escaped from endosomes in control cells (Fig. 1D) , the M1 in Cul3-depleted cells was still associated with LAMP1 and CI-M6PR-, but not EEA1-positive, vesicles (Fig. 2B) . Because CI-M6PR is absent from lysosomes (26), we conclude that virus particles were trapped in LEs upon Cul3 depletion.
Finally, we tested whether the block in IAV infection upon Cul3 depletion could be bypassed by low pH-induced viral penetration at the plasma membrane (27, 28) , which allows vRNP delivery directly into the cytoplasm without endocytosis and vesicular trafficking. When the bypass was performed in Cul3-depleted cells, infection was rescued to a level comparable to cells treated with control siRNAs or siATP6V1B2 (Fig. 2C) . We concluded that Cul3-depletion caused specific defects in the cellular internalization and trafficking machinery, blocking virus infection at a prepenetration step.
The results suggested that Cul3 is not required for viral trafficking to LEs or for the acidification of HA in late endocytic compartments. However, it is needed for the productive penetration of the vRNPs and M1 from these compartments or for uncoating of the viral capsids in the cytoplasm.
Cul3 Depletion Leads to Accumulation of EGF and EGFR. To test whether Cul3 depletion affected endocytosis and processing of physiological cargo destined to LEs and lysosomal degradation, we analyzed the fate of EGFR and its ligand EGF in HeLa cells. Fluorescence microscopy showed that the amount of EGF-TexasRed (EGF-TxRed) accumulating in cytoplasmic vesicles almost doubled upon Cul3 depletion (Fig. 3A) . The difference was most pronounced 30-60 min after internalization (Fig. 3A, Right) .
We also observed an increase in the amount of the receptor, EGFR, in cells transfected with siCul3 ( Fig. 3B and Fig. S1A ). An increase in protein level after Cul3 depletion was also observed for another receptor-tyrosine kinase, insulin-like growth factor receptor (IGF1R), whereas no increase was detected for transferrin receptor (TfR), which unlike EGFR and IGF1R is not destined for degradation in LYs (Fig. S1B) . In addition, overexpression of Cul3 did not affect the level of EGFR (Fig. 3C) , suggesting that Cul3 is required but not limiting for efficient EGF and EGFR trafficking and degradation.
Cul3 Regulates Lysosomal Degradation of EGFR, but Not Its Activation and Ubiquitination. The ninefold increase in EGFR protein levels (Fig. 3B ) was accompanied by a mere twofold elevation in mRNA levels (Fig. 4A) , suggesting that the receptor may not be efficiently down-regulated by degradation, i.e., that there could be a problem for example with trafficking to LYs. To directly assess degradation of EGFR, we used cycloheximide (CHX) to block protein translation (Fig. 4B) . Whereas in control cells the relative amount of EGFR was decreased 2 h and 4 h after CHX addition, EGFR degradation was significantly delayed in Cul3-depleted cells. Together these results suggested that accumulation of EGFR and its ligand EGF in Cul3-depleted cells resulted from delayed degradation of endocytic cargo destined to the LYs.
For EGFR to be sorted into the degradative pathway, it needs to be activated by its ligand EGF, which induces receptor dimerization, autophosphorylation, and ubiquitination (9, 21) . EGFR was phosphorylated after EGF addition with similar kinetics in Cul3-depleted cells as in control cells (Fig. 4C) . We also observed EGFR to be ubiquitinated upon EGF stimulation in Cul3-depleted cells, in contrast to c-Cbl depletion (Fig. 4D and  Fig. S2A) . Whereas ubiquitination appeared similar to control conditions, deubiquitination of EGFR may have been slightly delayed in the absence of Cul3. However, although Cul3 has recently been proposed to regulate several deubiquitinating enzymes (DUBs) (29), we found that levels of c-Cbl and the DUBs, AMSH and UBPY, known to be involved in lysosomal degradation of EGFR (30) , were unaffected by Cul3 depletion (Fig. S2 B and C) .
We with a role of Cul3 in endosome maturation or trafficking, as described above for IAV.
EGF Accumulates in LE/LYs upon Cul3 Depletion. To better define the possible defect in EGF/EGFR endosomal trafficking in Cul3-depleted cells, we assayed the kinetics and localization of EGFTxRed by immunofluorescence with different endosomal markers. Trafficking of EGF-TxRed out of EEA1-positive EEs was mostly unaffected (Fig. 5A ), except for a slight delay at 30 min after uptake. Moreover, we did not detect a major difference in the kinetics of EGF-TxRed colocalization with HRS, a component of the ESCRT-0 complex present on EEs (Fig. 5B) , implying that Cul3 depletion does not significantly affect trafficking of EGF at the level of EEs. The general increase of EGF-TxRed colocalization with EEA1 and HRS likely reflected increased amounts of internalized EGF-TxRed (Fig. 3A) . In contrast, EGFTxRed colocalization with LAMP1-positive LE/LY compartments was significantly increased in Cul3-depleted cells 60 and 90 min after internalization compared with maximum at 30 min (Fig.  5C and Fig. S3A) , consistent with the delay in EGF/EGFR degradation. Finally, it is unlikely that Cul3 regulated transport of acid hydrolases from the TGN to endosomes as cleavage of the cathepsin D precursor to its active form was unaffected in Cul3-depleted cells (Fig. S3B) . Cathepsin D cleavage requires transport of the enzyme to LE/LYs and acidification (31) .
These results suggested that degradation of EGFR/EGF complexes was delayed. Like IAV, they were trapped in LE/LYs.
Cul3 Depletion Distorts LE Morphology. The late endocytic organelles were clearly expanded with respect to size and number in Cul3-depleted HeLa and A549 cells, as visualized by staining with the LE/LY markers LAMP1, CD63, and the lipid lyso(bis)phosphatidic acid (LBPA)/ bis(monoacylglyceryl)phosphate (BMP) (Fig. 6A and Fig.  S4A) . A comparable expansion of LE/LY compartments was detected when cells were depleted of known regulators of ILV formation and endosome maturation such as the ESCRT-0 component HRS, Rab7, and the ATP6V1B2 subunit of V-ATPase (Fig. S4B) , suggesting that Cul3 regulates an aspect of endosome maturation.
Using live cell imaging, we found that some of the Cul3-depleted cells contained numerous large, spherical vacuoles (Fig.  6B) . The vacuoles stained positive with LysoTracker, a marker for acidic compartments, although the largest showed somewhat weaker staining. Consistent with the elevated LE/LY marker staining ( Fig. 6A and Fig. S4A ), we observed a general increase in LysoTracker-positive vacuoles (Fig. 6B) .
The enlarged vacuoles probably represented modified LEs because they were Rab7 positive and largely devoid of Rab5 (Fig.  6C) . In stably transfected HeLa cells expressing EGFP-Rab7, ≈30% acquired enlarged Rab7-positive vacuoles upon Cul3 depletion, compared with 6% in siControl cells (Fig. 6D) . Moreover, the fluid-phase marker, Dextran-Alexa Fluor 488 accumulated in the enlarged endosomes, indicating that the vacuoles were connected to the endocytic system (Fig. 6E) .
Two pharmacological inhibitors were found to induce a similar vacuolation effect (Fig. S4C) . MLN4924 inhibits the Nedd8-activating enzyme, required to activate cullin-based ligases (32) . The percentage of cells filled with enlarged EGFP-Rab7-positive endosomes increased over time, reaching 80% after 24 h of drug treatment. The other compound, YM201636 (33), inhibits PIKfyve, a kinase that converts PtdIns(3)P into PtdIns(3,5)P2 during endosome maturation. PIKfyve inhibition resulted in a similar vacuolated phenotype with highly enlarged Rab7-positive endosomes in all cells.
Electron microscopy (EM) of Cul3-depleted cells revealed the existence of enlarged vacuoles, in both HeLa and A549 cells (Fig.  6F and Fig. S5 ). These vacuoles appeared empty, largely devoid of ILVs and other visible luminal content, with a diameter up to 1-1.5 μm. They were present only in a fraction of Cul3-depleted cells and, thus, probably represented the aforementioned Rab7 positive/fluid-filled enlarged endosomes.
Together, the light and electron microscopy data revealed the accumulation of LEs with distorted morphology upon Cul3 depletion, consistent with defects in LE maturation. (Fig. S3A) . The P values from EGF colocalization with EEA1 and HRS, or other timepoints of LAMP1 colocalization are not statistically significant. (Scale bars: 10 μm.) *P < 0.05, **P < 0.01.
transport of endocytic cargo to LYs. By tracking the fate of EGF/ EGFR and IAV, we could characterize the block and determine some of its consequences. The early steps in the processing and trafficking of EGF and its receptor were not affected by Cul3 depletion. Upon EGF binding, EGFR was phosphorylated and ubiquitinated. Endocytic internalization was normal, although somewhat more efficient than in control cells, possibly due to the increased amount of receptor. The EGF/EGFR complexes entered EEs from which they were sorted into LEs with a slight delay. Whether EGFR was sequestered into ILVs as in normal cells is not clear. Nevertheless, the EGF/EGFR complexes were transported to compartments containing the LE/LY marker LAMP1. Because degradation of EGFR and EGF was slower than normal, these probably represented modified LEs, which failed to efficiently fuse with LYs.
The fate of incoming IAV told a similar story. In Cul3-depleted cells, the virus particles were transported to LAMP1-positive vacuoles. However, uncoating of the viral capsid and transport of vRNPs to the nucleus did not occur and, as a result, the cells were not infected. Importantly, the Cul3 requirement was bypassed when virus infection was artificially induced without involvement of endocytosis. Moreover, VSV, a virus that is acid-activated in the EE compartment, had no problem infecting Cul3-depleted cells, supporting the conclusion that Cul3 depletion affected mainly late endosomal compartments.
Judging by the A1 antibody staining, the HA of IAV converted to the acid-induced conformation in Cul3-depleted cells, but the vRNPs and the M1 protein remained associated with endosomal vacuoles, indicating that capsid uncoating and vRNP release did not take place. It is unclear whether this phenotype was because the virus failed to fuse, whether fusion was incomplete (hemifusion), or whether the capsids failed to undergo disassembly after release into the cytosolic surface of endosomes. The block resembled the effect of amantadine, an inhibitor of the M2 ion channel in the viral membrane. M2 allows acidification of the viral interior before viral membrane fusion inducing a disassemblycompetent state in the capsid (16) . Thus, in the presence of amantadine, fusion takes place, but the capsids remain associated with endosomes and fail to release the vRNPs for nuclear import (14) . Although acidic enough to convert the HA, the ionic environment in modified LEs may not fulfill all requirements for proper M2 action. It was recently proposed that M2 has antiporterlike activity for cations such as K + and Na + , and that this activity is required for full acidification of the IAV core (34) . During maturation, endosomes undergo a number of ionic changes within the lumen (35) , and such changes may be used by the virus to initiate viral core acidification. A similar block in IAV infection has been demonstrated upon inhibition of protein kinase C βII, where viruses are trapped in LEs, although the acid-mediated HA conversion has occurred (10) . A requirement of an endosomal membrane potential for uncoating or membrane fusion has been proposed for other viruses, including human rhinovirus type 2 (HRV2) and Semliki forest virus (SFV) (36, 37) .
The defects in the late endocytic compartments in Cul3-depleted cells were reflected by a distorted morphology and aberrant behavior of LE/LYs. The size and number was increased in some of the cells showing a highly vacuolated phenotype with large, spherical, Rab7-positive, fluid-filled endosomes observed by light microscopy in live cells. EM studies further revealed a fraction of Cul3-depleted cells to contain enlarged empty vacuoles virtually devoid of ILVs. Vacuolation was comparable to cells treated with inhibitors of PIKfyve, a known regulator of LE maturation (20) , as well as of neddylation, a crucial modification needed for Cul3-dependent E3 ligase activity (32) . Together, the results indicated that Cul3 is involved in the regulation of endosome maturation, most probably through ubiquitination.
Interestingly, the phenotypes of cells treated with the proteasome inhibitor lactacystin have similarities to Cul3-depleted cells including a delay in lysosomal degradation of transmembrane proteins such as EGFR (38) , a block of cargo deubiquitination (39) , and inhibition of IAV infection at the level of endosomes (40) . Lactacystin-treated cells also contain enlarged, empty endosomes with EGFR trapped in the limiting membrane instead of ILVs (38) . At the same time, these cells still contain a population of ILV-filled endosomes. Similarly, temperature-sensitive Ts20 mutant cells that possess a thermolabile E1 ligase also accumulate acidic, hydrolase containing vacuoles, with similar characteristics as observed after Cul3 depletion (41) . A Cul3-based E3 ligase could thus be responsible for the ubiquitination and proteasomal degradation of substrates involved in endosome maturation and, thus, ILV biogenesis. Moreover, subcellular fractionation of membranes revealed the presence of Cul3 on different early and late endosomal vesicles, suggesting that Cul3 might exert its function directly on these vesicles (Fig. S6) . Cul3-based E3 ligases recognize their substrate proteins through a family of adaptors bearing BTB motifs (42) . The human genome encodes ≈200 BTB proteins. Recent siRNA screens suggest a role for some of them in the endolysosomal and recycling pathways (43) . In addition, some voltage-gated potassium channels possess BTB-like T1 domains (42) , raising the possibility that misregulation of ion channels could be a cause for endosome swelling upon Cul3 depletion. Clearly, the identification and characterization of relevant BTB-containing proteins required for maturation of LEs will be important. These findings, in turn, will aid in the identification of the possible substrates involved.
In conclusion, we identified a previously undescribed function for Cul3-mediated ubiquitination in endosome maturation. Considering the important role of the endolysosomal pathway in a number of physiological processes as well as pathological states such as infections, cancer, and neurodegeneration, deeper molecular understanding of these processes provides a rewarding research direction for the future.
Materials and Methods
Cells. A549 and HeLa cells were cultured in DMEM (Invitrogen) supplemented with 10% FCS and glutamax.
RNAi. All siRNAs (Microsynth/Qiagen) were reverse transfected with Lipofectamine RNAiMAX (Invitrogen) for 72 h at 20 nM. Transfection efficiency was controlled with Allstar death siRNA (Qiagen) and down-regulation efficiency assessed by immunoblotting or quantitative RT-PCR. The following siRNA duplexes (from Qiagen) were used to specifically down-regulate genes: Cul3-5 (oligo1), Cul3-10 (oligo2), Cul1-3, c-Cbl-8, ATP6V1B2-3, HRS-5, Rab7A-5, and as control siRNAs either "Allstar negative" (Qiagen) or "Scrambled" (Microsynth). For all Cul3 siRNA experiments, oligo1 was used unless otherwise indicated.
Further details on materials and methods can be found in SI Materials and Methods.
